INTRODUCTION
============

Cells interact with their immediate environments through the ligation of plasma membrane-anchored or transmembrane receptors for soluble molecules, such as growth factors, extracellular matrix components, and proteins presented on the surface of neighboring cells. Cell-matrix adhesions are local, dynamic attachments of cell-surface proteins, including integrins and glycophosphatidylinositol-anchored proteins (GPI-APs), to extracellular matrix components that allow indirect bridging of this matrix to the internal cytoskeleton. These dynamic anchor points determine the position of the cell in space and allow cells to undergo shape changes, including those required during cell division, spreading, and migration ([@B7]). Initial sites of such adhesion can produce focal complexes, which can 1) be disassembled (if conditions so dictate); 2) become stabilized; or 3) grow into larger, more mature (and less dynamic) adhesion sites, known as focal adhesions, that allow strong connection of the matrix to actin stress fibers. The diversity and dynamics of these integrin-based adhesions, including podosomes and invadopodia, are coordinated by the activity of rho-family small G proteins that transduce internal and external cues into signals for the development, maintenance, growth, and disassembly of these anchor points.

The turnover of adhesion-associated lipid domains and proteins has the potential to regulate adhesion sites, and several studies have suggested an important role for endocytosis in their dynamics (reviewed in [@B3]\]). Adhesive sites strongly affect lipid order and promote the formation of microdomains necessary for certain endocytic events. Interestingly, loss of adhesion correlates with rapid endocytosis of molecules enriched in microdomains, such as cholera toxin B subunit (CTxB; [@B6]; [@B32]; [@B12]). It has been shown that focal adhesion turnover can be induced by regrowth of microtubules after their depolymerization in a process that requires the endocytic protein dynamin and focal adhesion kinase (FAK; [@B11], [@B10]). Dynamin is also found at podosomes. These are rather small and highly active adhesion sites comprising adhesion proteins with an actin core. Here, dynamin is thought to function in the interplay between membrane and actin dynamics ([@B29]).

The best understood endocytic process is mediated by the coat protein clathrin, but cells use a variety of alternative, clathrin-independent endocytic routes ([@B8]). The most prevalent of these in fibroblasts is mediated by clathrin-independent carriers (CLICs; reviewed in [@B25]\]; [@B14]\]; [@B18]\]). We have recently shown that the membrane remodeling protein GTPase regulator associated with focal adhesion kinase-1 (GRAF1) regulates GPI-APs and CTxB uptake into CLICs, as well as a large proportion of fluid-phase uptake ([@B23]). These pleiomorphic, tubulovesicular carriers lack an obvious protein coat and form in the absence of clathrin and caveolin ([@B19]). Internalization of GPI-APs and other microdomain-enriched molecules via these carriers depends upon the activity of cdc42, GRAF1, Arf1, ordered lipid microdomains, and actin polymerization ([@B31]; [@B4]; [@B20]; [@B23]). GRAF1 has a rho GTPase-activating protein (rhoGAP) domain that stimulates the GTPase activity of cdc42 in vitro ([@B15]), as well as Bin/amphiphysin/Rvs (BAR) and pleckstrin homology (PH) domains required for membrane binding and CLIC formation. We describe a link between the endocytic activity of GRAF1 and adhesion modulation. GRAF1 was found enriched at podosome-like adhesions induced in HeLa cells. Our investigations of the activity of these structures support a central role for GRAF1 and CLIC production in cell spreading and migration through modulation of the dynamics of these adhesion sites.

RESULTS
=======

The GRAF1 interactome links endocytosis and cell adhesion
---------------------------------------------------------

Monomers of the dimeric protein GRAF1 are composed of BAR, PH, rhoGAP, and SH3 domains ([Figure 1A](#F1){ref-type="fig"}). Our previous studies have shown that GRAF1 is necessary for the generation of clathrin-independent endocytic carriers that endocytose a large amount of extracellular fluid and cargoes that include CTxB and GPI-APs ([@B23]). GRAF1 has also been implicated in regulation of focal adhesions and cytoskeletal rearrangements ([@B15]). To address how these seemingly distinct roles might be linked, we first sought to identify additional proteins that function together with GRAF1. We immunoprecipitated GRAF1 from rat brain cytosol and identified dynamin, FAK, and G protein--coupled receptor kinase--interacting ArfGAP 1 (GIT1) as interacting partners using mass spectrometry and immunoblotting ([Figure 1B](#F1){ref-type="fig"}). We also tested whether GRAF1 could be isolated by immunoprecipitating dynamin, FAK, or GIT1. Under these conditions, GRAF1 coimmunoprecipitated with dynamin, but not with either FAK or GIT1, suggesting that these interactions were weaker or that the antibodies perturbed the binding ([Figure 1C](#F1){ref-type="fig"}, top panel). GRAF1 could, however, be coimmunoprecipitated with the active, phosphorylated form of FAK, pFAK ([Figure 1C](#F1){ref-type="fig"}, bottom panel). Pulldown studies using the GRAF1 SH3 domain as bait in rat brain cytosol verified that the interaction to dynamin and FAK was dependent on this domain ([Figure 1D](#F1){ref-type="fig"}). We then showed that GRAF1, GIT1, and dynamin are found together at a subset of basal plasma membrane structures in HeLa cells, suggesting that GRAF1 also interacts with these proteins in vivo ([Figure 1E](#F1){ref-type="fig"}). GIT1 is an Arf GTPase-activating protein that localizes to cell-matrix adhesions; it has been proposed that GIT1 promotes adhesion down-regulation and cell spreading ([@B43]; [@B24]) and influences endocytosis and recycling of G protein--coupled receptors ([@B30]; [@B5]; [@B21]). Interestingly, the endocytic membrane fission protein dynamin is also implicated in cell-matrix adhesion site turnover and is present at podosomes and focal complexes ([@B29]; [@B11]). The known interactions of GRAF1 are illustrated in an interactome in [Figure 1F](#F1){ref-type="fig"}. Taken together with previous results, our observations suggest that the N-terminal BAR and PH domains endow GRAF1 with the ability to generate/stabilize highly curved endocytic membranes from ordered, phosphatidyl inositol 4,5-bisphosphate (PIP2)-enriched plasma membrane regions, while the C-terminal rhoGAP and SH3 domains modulate rho-family small G-protein activity and interact with dynamin and FAK.

![GRAF1 interacts with proteins involved in membrane remodeling and cell adhesion. (A) Domain model of GRAF1. (B) Immunoprecipitation of GRAF1 from rat brain cytosol showing that GRAF1 interacts with dynamin, GIT1, and FAK as identified by mass spectrometry and confirmed by Western blotting with the indicated antibodies. (C) Immunoprecipitates of GIT1, FAK, dynamin, and pFAK from rat brain cytosol were analyzed by SDS--PAGE and immunoblotting with antibodies against the indicated proteins. (D) Coomassie-stained gel of pulldown experiments against brain lysates with beads bound to GST or GST-tagged GRAF1 SH3 domain (GST-SH3). Indicated proteins were identified by mass spectrometry. (E) Confocal micrograph of a HeLa cell expressing GFP-GIT1 and myc-GRAF1, costained for dynamin. Merged image shows section views (as indicated by yellow lines). Note that structures with all three proteins colocalizing are found at the basal surface, while dynamin is also found at the top surface. Scale bar: 5 μm. (F) Schematic representation of the GRAF1 interactome, showing the interactions that link cell adhesion, small G-protein regulation, and GRAF1-mediated membrane trafficking ([@B15]; [@B41], [@B42]; [@B16]; [@B23]). Dotted lines show interactions known to be directly activating (arrowheads) or inhibiting (no arrowheads) the active state of depicted small G protein.](4380fig1){#F1}

GRAF1 is not a general component of focal adhesions but localizes to podosome-like adhesions
--------------------------------------------------------------------------------------------

Given the nature of the GRAF1 interactome, we examined whether GRAF1 localization/function was linked to adhesion sites. When GRAF1 was expressed at very high levels, cells underwent a drastic morphological rearrangement, developing long protrusions and collapsing around the nucleus ([@B36]; Supplemental Figure S1, A and B). In these cells, the typical focal adhesions and actin stress fibers seen in low-level, overexpressing cells or control cells were absent, and only a few, small punctate adhesions containing vinculin and actin could be detected. When cells with endogenous or low levels of overexpressed GRAF1 were costained with markers for adhesions such as vinculin, we found that GRAF1 was not detected at large, elongated adhesions known as mature focal adhesions (see Figure S1, C and D). Instead, both endogenous and overexpressed GRAF1 were found enriched at small, round, vinculin-positive structures in a subset of cells (see Figure S1, C and D). Our data suggested that GRAF1 might be recruited to a specific intermediate state of adhesive structures. To determine whether its interacting partner GIT1, which is normally found at cell-matrix adhesion sites, could promote the localization of GRAF1 to adhesion sites, we co-overexpressed these proteins. This resulted in fewer mature focal adhesions and a large increase in the number of vinculin- and GRAF1-positive structures ([Figure 2, A and B](#F2){ref-type="fig"}). This is consistent with previous observations that GIT1 promotes turnover of focal adhesions ([@B43]) and promotes podosome formation ([@B38]).

![GRAF1 is not a general component of focal adhesions but localizes to PLAs. (A) Fluorescence micrograph of HeLa cells coexpressing myc-tagged GRAF1 and GFP-tagged GIT1 and costained for myc and vinculin. Insets show magnifications of the areas indicated by yellow squares. (B) Bar graph showing the percentage of cells in which myc-GRAF1 or myc-GRAF1 R412D was found localized with vinculin in PLAs following the indicated treatments or overexpression of GFP-GIT1. Cells expressing myc-GRAF1 were treated with Y-27632, an inhibitor of rhoA kinase (5 min), or blebbistatin, an inhibitor of nonmuscle myosin II (10 min), and the number of cells where GRAF1 colocalized with vinculin was counted. Bars and error bars correspond to mean and SEM calculated from three independent experiments (n \> 250; α = 0.05; two-tailed Fisher\'s exact test, \*\*\*, p \< 0.001). (C) Fluorescence micrograph of cells coexpressing myc-tagged GRAF1 and GFP-cdc42-DA and costained for myc and vinculin. (D) Merged confocal micrograph of a cell expressing src Y527F and GFP-GRAF1 and costained for vinculin. Inset below shows three-dimensional view of the section indicated by the dotted line. Bar graph depicting the percentage of cells with untagged or GFP-tagged GRAF1 localized to vinculin-defined, src-induced podosomes. Bars and error bars correspond to mean and SEM calculated from six independent experiments, each including 30 cells. (E) Fluorescence micrographs of cells treated with the ROCK inhibitor Y-27632 for 15 min or untreated before fixation and staining for vinculin and overexpressed myc-GRAF1. Insets in the top panel show magnification and three-dimensional rotation of the area indicated in the vinculin panel. Arrows indicate basal structures in which GRAF1 and vinculin colocalize. Scale bars: 10 μm.](4380fig2){#F2}

GRAF1-positive adhesive structures closely resembled podosome-like adhesions (PLAs) previously described to be induced by expression of dominant-active cdc42 in HeLa cells ([@B9]). Therefore, to further verify that GRAF1 localized to cdc42-induced adhesions, we coexpressed dominant active cdc42 (cdc42 Q61L; herein named cdc42-DA) with GRAF1 and costained these cells for vinculin. Indeed, we found that co-overexpressing cells exhibited GRAF1 in cdc42- and vinculin-positive PLAs ([Figure 2C](#F2){ref-type="fig"}). Interestingly, these structures were found to contain punctate actin and dynamin, consistent with their similarity to podosomes and the fact that dynamin has a role at adhesions (see Figure S1, E and F). To verify that it is prolonged local cdc42 activity that promotes adhesion localization of GRAF1, we expressed the GRAF1 arginine finger mutant, GRAF1 R412D, in cells. This mutant, which is incapable of stimulating GTP hydrolysis by cdc42, significantly increased the proportion of cells with abundant PLAs containing both vinculin and GRAF1 ([Figures 2B](#F2){ref-type="fig"} and S1G). The R412D mutation also significantly abrogated GRAF1\'s ability to cause profound cellular morphological changes (Figure S1B).

GRAF1 localizes to src-induced podosomes
----------------------------------------

Podosome formation is highly stimulat­ed by src kinase through activation of cdc42, and active src has been used to promote podosome formation in a number of cell lines ([@B26]). To assay whether src-induced podosomes contained GRAF1, we expressed the dominant active version of src (src Y527F) in HeLa cells. This clearly induced both small and rosette-like basal adhesions that, similarly to podosomes, were positive for vinculin, cortactin, and pFAK ([Figures 2D](#F2){ref-type="fig"} and S2). When costained for GRAF1, the majority (76%) of cells with such podosomes were found to have GRAF1 highly enriched in these structures ([Figure 2D](#F2){ref-type="fig"}). These results verified the similarity between podosomes and GRAF1-positive adhesive structures and indicated that GRAF1 might have a role at bona fide podosomes. On the basis of size and appearance; the presence of dynamin, punctate actin, and cortactin; and the dependence on cdc42 and src activity, we propose that GRAF1 is present at a subset of adhesions most accurately described to date as PLAs.

Acute adhesion site modulation by small molecules results in clustering of CTxB in GRAF1-positive PLAs
------------------------------------------------------------------------------------------------------

Cell-matrix adhesions are dependent upon the contractive force mediated by myosin and actin filaments. This process is controlled by cdc42, rhoA, and rac1, and induction of PLAs is thought to rely upon cdc42 activity ([@B28]; [@B26]). To favor cdc42 activity over rhoA activity acutely, we inhibited the rhoA effector protein rho kinase (ROCK), a key regulator of adhesions ([@B37]). Inhibition of ROCK using the small molecule Y-27632 led to a dramatic loss of actin stress fibers and focal adhesions in favor of PLAs (Figure S3A). In GRAF1-expressing cells, we observed a profound increase in the proportion of cells exhibiting PLA-localized GRAF1 on their basal surfaces ([Figures 2, B and E](#F2){ref-type="fig"}, and S3, B--D). Similarly, the drug blebbistatin, which induces loss of stress fibers, resulted in a significantly increased number of PLAs positive for GRAF1 ([Figures 2B](#F2){ref-type="fig"} and S3E).

The membrane at cell-matrix adhesions is composed of highly ordered lipids that are also necessary for endocytosis via CLICs ([@B34]; [@B12]). We therefore examined whether induced PLAs and podosomes contained the GM1 receptor, a glycosphingolipid that is enriched in microdomains. When CTxB, which binds GM1 specifically, was added to Y-27632-treated cells, we found that it clustered in vinculin-positive structures on the membrane, overlapping closely with GRAF1 localization ([Figure 3A](#F3){ref-type="fig"}). Treatment with blebbistatin likewise resulted in clustering of CTxB at PLAs containing GRAF1 ([Supplemental Figure S3E](#F3){ref-type="fig"}). We measured the amount of colocalization and found that approximately one-half the area of acutely induced PLAs contained CTxB ([Figure 3B](#F3){ref-type="fig"}). Our data show that acute induction of adhesion turnover affects membrane order and GRAF1 activity, which supports the view that plasma membrane dynamics are closely coupled to cell-matrix adhesion turnover. The presence of GRAF1 at src-induced podosomes indicates that these structures might have a similar membrane composition. Indeed, we found that CTxB was clustered in src-induced podosomes together with GRAF1 ([Figure 3C](#F3){ref-type="fig"}).

![Adhesion reorganization results in clustering of CTxB at the cell surface in GRAF1-positive structures. (A) Fluorescence micrographs of myc-GRAF1--expressing HeLa cells incubated with Y-27632 together with CTxB-Alexa555 for 5 min as indicated before washing, fixation, and costaining for vinculin. Insets are magnifications of the area marked by a rectangle in panel 1. (B) Vinculin- and myc-GRAF1-positive PLA areas were selected from four cells from two different experiments, and the percent colocalization of CTxB was measured as described in the text. The mean is indicated by a red line and the error bars represent standard deviation (SD) above and below the mean. (C) Confocal micrograph of cell expressing src Y527F and GFP-GRAF1 and incubated together with CTxB-Alexa555 for 5 min before washing, fixation, and costaining for vinculin. The merged image is rotated to highlight the basal localization of GRAF1-positive structures. Scale bars; 10 μm.](4380fig3){#F3}

Membrane remodeling by GRAF1 and uptake of CTxB is stimulated at the leading edge of migrating cells
----------------------------------------------------------------------------------------------------

As previously shown ([@B23]), CTxB was internalized by tubular GRAF1-positive structures ([Figure 4A](#F4){ref-type="fig"}). We observed that these structures communicated with adhesion sites, supporting a role for GRAF1 in promoting endocytosis of lipids enriched in sites of high membrane order ([Figure 4A](#F4){ref-type="fig"}). Similarly, the long, "trapped" membrane tubules generated by the overexpression of GRAF1 BARPH truncation mutant ([@B23]) spanned long stretches along the basal surface of cells, linking mature focal adhesions (Figure S4C). When tracked by live-cell imaging, the formation of GRAF1 R412D- and GRAF1 BARPH-positive tubules (which are more stable then GRAF1-positive tubules) was detected. These tubules were found to both originate from, and specifically communicate with, sites of adhesions (Figure S4 and Supplemental Movies S1--S4). This suggested that GRAF1-mediated membrane trafficking is coupled to adhesion modulation. To study how GRAF1-mediated and clathrin-dependent endocytic events are influenced by the movement of cells, we examined the uptake of the CLIC cargo CTxB and the clathrin-mediated endocytosis cargo transferrin (Tfn) by migrating fibroblasts (which are more migratory than HeLa cells; [Figure 4B](#F4){ref-type="fig"}). We found that the uptake of CTxB was concentrated at the leading edge of the cell. By contrast, Tfn, a clathrin-dependent endocytic cargo, appeared to be endocytosed homogeneously from the plasma membrane, consistent with previous studies ([@B17]). Furthermore, CTxB-enriched endocytic structures were found to colocalize with paxillin, a marker of integrin-based adhesions, to a significantly higher extent than with Tfn ([Figure 4C](#F4){ref-type="fig"}).

![Membrane remodeling by GRAF1 and uptake of CTxB are stimulated at the leading edge of migrating cells. (A) Fluorescence micrographs of myc-GRAF1--expressing HeLa cells incubated with CTxB-Alexa555 for 5 min before washing, fixation, and costaining for vinculin. (B) Confluent wild-type MEF monolayers were wounded by scratching, and cells were allowed to migrate into the wound for 4--6 h. CTxB-555 and Tfn-647 were then added to migrating cells for 2 min of uptake at 37°C. Cells were acid-stripped and fixed and were then labeled for endogenous paxillin. Arrows indicate colocalization between paxillin and CTxB but not Tfn. (C) Twenty-four cells across three independent experiments were treated as in (B), and the percentage of paxillin (green) pixels that colocalized with either CTxB (red) or Tfn (blue) pixels was calculated using Volocity version 3.0. Bars and error bars correspond to mean and SEM (n = 12--15; α = 0.05; Student\'s *t* test, \*\*, p \< 0.01). (D) Fluorescence micrographs of HeLa cells expressing myc-GRAF1 and DA rac1 (GFP-Rac-DA; left panels) and incubated with CTxB-Alexa555 for 5 min (right panels). The length of GRAF1 tubules was measured in fluorescence micrographs of seven different cells (n = 193) as described. The mean length is indicated by a red line and the error bars represent standard deviation (SD) above and below the mean. (E) Fluorescence micrographs of cells expressing myc-GRAF1 and DA rhoA (GFP-rhoA-DA) and costained for vinculin. GRAF1-positive tubules were found in 14.3 ± 3.7%, as determined from three independent experiments (n = 124; error values represent SEM). Length of GRAF1 tubules in μm was measured from nine different cells (n = 108) and depicted as in [Figure 4D](#F4){ref-type="fig"}. Scale bars: 10 μm.](4380fig4){#F4}

Given these data, one might therefore expect that GRAF1-mediated endocytic activity would be affected by adhesion and spreading of cells. Rac1 promotes cell spreading and lamellopodia/ruffles at the leading edges of cells ([@B28]). We therefore examined whether rac1-induced cell spreading could also induce GRAF1-mediated endocytosis. Cells expressing dominant-active rac1 (rac1 Q61L; herein named rac1-DA) had a round, spread-out morphological phenotype with prevalent ruffled structures containing rac1. Strikingly, when GRAF1 was co-overexpressed in these cells, we found it on large numbers of membrane tubules at the ruffled regions ([Figure 4D](#F4){ref-type="fig"} and Movie S5). These tubular structures contained CTxB ([Figure 4D](#F4){ref-type="fig"}, right panel). In contrast with both cdc42 and rac1, rhoA activity is known to promote cell adhesion and contraction. Expression of DA rhoA (rhoA Q63L; herein named rhoA-DA) results in the rounding up of cells and promotion of mature focal adhesions. Co-overexpression of rhoA-DA and GRAF1 likewise led to contracted cells (owing to actin stress fiber formation and maintenance; [Figure 4E](#F4){ref-type="fig"}). GRAF1-positive tubular structures were found only in a small subset of rhoA-DA--expressing cells (14.3 ± 3.7%). These tubules were much longer than GRAF1-positive tubules in rac1-expressing cells and communicated with focal adhesions ([Figure 4E](#F4){ref-type="fig"}). However, GRAF1 was not enriched at the abundant, mature focal adhesions in rhoA-DA--expressing cells. The tubular phenotype was strikingly reminiscent of that observed upon overexpression of the dominant-negative GRAF1 variant GRAF1 BARPH ([@B23]), suggesting that the associated membrane trafficking is similarly abrogated.

GRAF1 is necessary for efficient spreading and migration of HeLa cells
----------------------------------------------------------------------

To determine whether GRAF1 activity was necessary for spreading and migration of cells, we depleted cells of GRAF1 using small interfering RNAs (siRNAs) previously shown to profoundly abrogate CLIC/endocytic membrane manufacture ([@B23]). Immunoprecipitation of GRAF1 from cell lysates and detection by immunoblotting showed that GRAF1 was efficiently depleted using either of two different siRNAs ([Figure 5A](#F5){ref-type="fig"}). When cells were seeded sparsely and allowed to spread after deattachment, we noted that GRAF1-depleted cells were elongated and unable to spread fully, in contrast with validated controls ([Figure 5B](#F5){ref-type="fig"}). We measured the area of experimental cells and found that GRAF1-depleted cells had significantly smaller surface-connected areas compared with control cells. We also found that cells lacking GRAF1 had approximately double the average length:width ratios of controls ([Figure 5C](#F5){ref-type="fig"}). Interestingly, cells lacking rac1 and rac2 displayed a similar elongated phenotype ([@B39]). Two large-scale siRNA screens have identified the gene encoding GRAF1 as being involved in migration and adhesion ([@B33]; [@B40]). We observed that GRAF1-depleted cells were deficient in migrating into an induced wound in a cell monolayer ([Figure 5D](#F5){ref-type="fig"}), and the distribution of mature focal adhesions was frequently disturbed ([Figure 5E](#F5){ref-type="fig"}). To obtain real-time quantitative data on migration, we assayed the ability of cells to "heal" an electrically induced wound. While control cells closed the wound within 5--6 h, GRAF1-depleted cells were profoundly deficient in their abilities to spread and migrate into this wound ([Figure 5F](#F5){ref-type="fig"}). Taken together, our data demonstrate a role for GRAF1 in cell migration, due to regulation of cell-matrix adhesion sites through endocytic turnover of membranes.

![GRAF1 is necessary for cell spreading and migration. (A) Immunoprecipitation and immunodetection of GRAF1 from HeLa cells treated with either a control siRNA or siRNAs against GRAF1. Tubulin was detected in the cell lysates as an immunoprecipitation control. GRAF1 expression following siRNA treatment (GRAF1 expr. (%)) was quantified as described from three independent experiments. Values correspond to normalized means ±SD. (B) Micrographs of cells treated with either a control siRNA or siRNAb against GRAF1 for 72 h before fixation and imaging. Inset 1 (left panel) shows magnification of the marked square. Inset 1 (right panel) exemplifies cell area indicated in blue, and length and width indicated in red and green, respectively. (C) Bar graphs showing quantification of the cell area and length:width ratios, as described in the text, of cells treated with control siRNA or siRNAs against GRAF1, as in (B). In the left panel, bars and error bars correspond to mean and SEM calculated from five or six independent experiments (n = 50--60; α = 0.05; Student\'s *t* test, \*\*\*, p \< 0.001). In the right panel, bars and error bars correspond to mean and SEM calculated from two independent experiments (n \> 100; a α = 0.05; Student\'s *t* test, \*\*\*, p \< 0.001). Length:width ratio was scored as the ratio between length (longest straight line within a cell (red line in (B)) and width (the broadest region perpendicular to the measured length (green line in (B)). (D) Micrograph showing the regrowth of control siRNA-treated and GRAF1 siRNA-treated cells into an induced wound in the cell monolayer. (E) Fluorescence micrograph of control cells and GRAF1-depleted cells stained for vinculin. (F) Principle of electrically induced and monitored wound-healing assay performed as described (left panel). Graph showing the recovery from electrical wound healing of a confluent HeLa cell layer. Cells were previously transfected with a control siRNA or GRAF1-siRNA, as indicated. An increase in impedance reflects the migration of surrounding healthy cells onto an electrode through which (at time zero) a high current has passed to irreversibly injure the cells on the electrode. Note the delay in wound healing observed in GRAF1-depleted cells and their slowed and incomplete recovery (even after 9 h), compared with control cells. Impedance values were normalized to postwounding nadirs, and the shaded areas surrounding each curve represent one SD above and below the mean values for each condition. Scale bars: 10 μm.](4380fig5){#F5}

DISCUSSION
==========

The mechanisms by which plasma membrane morphological changes and membrane trafficking are coupled in processes such as cell migration are greatly debated. Many studies have highlighted the importance of specific rho-family, small G proteins in both cytoskeletal dynamics and endocytic events ([@B25]; [@B7]). Our studies reported here on membrane remodeling and rhoGAP protein GRAF1 have revealed that a prevalent clathrin-independent endocytic pathway is intimately coupled to adhesion site regulation. GRAF1-dependent CLICs are induced by cell spreading, enriched at the leading edge of cells, and necessary for cell spreading and migration. Interestingly, proteomic analysis has recently revealed enrichment for cargo molecules linked to adhesions ([@B17]). Although the exact role of GRAF1 in receptor trafficking is not known, our data illuminate an important cell physiological function for GRAF1-dependent CLICs, and provide further insight into how cells coordinate membrane and protein redistribution with changes in their morphologies.

While it has previously been suggested (Hildebrand *et al*., 1996) that GRAF1 functions at focal adhesions, owing to its interaction with FAK, we find no evidence that GRAF1 is a structural component of such adhesions. However, we found GRAF1 at what, at present, can be best described as PLAs. These structures could be induced by prolonged src and cdc42 activity (through expression of active src, cdc42-DA, or GRAF1 R412D, or by inhibition of ROCK using small molecules) and are enriched in cortactin, actin, dynamin, actin, vinculin, FAK, and GIT1. Although the exact role of GRAF1-positive adhesions is not clear, the localization to src-induced podosomes indicates a relevant function of GRAF1 at such sites. Podosomes are classically found in cells of the monocytic lineage but are becoming increasingly recognized as being present in a number of cell types. These enigmatic structures are much more dynamic than focal adhesions and resemble the intermediates formed during focal adhesion formation and turnover ([@B2]). Ordinarily, GRAF1-mediated endocytic activity is very dynamic and most prevalent at the leading edge of cells, suggesting that GRAF1-positive PLAs enriched with GM1 might represent a stabilized intermediate that occurs during adhesion turnover (favored by prolonged cdc42 activity or alterations in the integrity of membrane microdomains). Truncated GRAF1, lacking the regulatory GAP and SH3 domains (GRAF1 BARPH), generates long, tubular membrane structures in cells ([@B23]). Interestingly, we found that these tubules frequently spanned long stretches between mature focal adhesions, suggesting that truncated GRAF1 is unable to appropriately regulate the dynamics of membrane carriers at adhesive sites. The real time formation of GRAF1-positive carriers showed that such structures both originate at and are targeted to adhesion sites, suggesting that CLICs might control bidirectional trafficking to regulate membrane turnover.

Our biochemical analyses identified interacting partners of GRAF1 that include FAK, GIT1, and dynamin, supporting a role for GRAF1 at the interface between membrane dynamics and adhesion. Both GIT1 and FAK are known to regulate adhesion sites and influence endocytosis ([@B30]; [@B5]). In addition to the established role of dynamin during fission of endocytic carriers, dynamin also localizes to podosomes and invadopodia ([@B29]; [@B23]). Interestingly, a GTPase-deficient mutant of dynamin was found to perturb actin dynamics at such sites ([@B29]; [@B1]) and a mutant lacking its proline-rich domain (and therefore unable to interact with SH3 domains) was found to disrupt podosome formation ([@B22]). Dynamin and GRAF1 interact avidly, with both resulting in plasma membrane invagination. While fission of CLICs from the plasma membrane has been shown to be capable of functioning without dynamin, this does not necessarily mean that all clathrin-independent events are dynamin independent. We show that GRAF1 and dynamin colocalize at PLAs, suggesting that these proteins might organize molecular networks and membrane dynamics at such sites. The membrane architecture at podosomes/PLAs is also presently unclear, but it has been suggested that formation of both podosomes and invadopodia involves membrane invaginations, and our results support this. Uptake of gold-labeled gelatin via narrow membrane tubules has been described as strongly associated with podosome localization, and it has been suggested that dynamin coats membrane tubules in the central region of podosomes ([@B13]; [@B29]). Further ultrastructural studies will assess the precise proteolipid architecture of PLAs, podosomes, and GRAF1-positive tubules and determine whether GRAF1-mediated endocytosis is directly coupled with the internalization of any particular adhesion molecule(s).

Previous work has shown that integrin-based adhesions influence membrane order and control the recruitment of active rac1 to cholesterol-dependent microdomains at the leading edge, where it is found together with the CTxB receptor GM1 ([@B6]; [@B12]). Furthermore, detachment of cells from their substrata triggers the internalization of highly ordered regions of the plasma membrane ([@B6]). We show that GRAF1-positive PLAs include highly ordered membranes. CLIC manufacture is likewise dependent upon the presence of highly ordered membranes, and the removal of these lipids from the plasma membrane could promote adhesion turnover through dissipation of adhesion proteins that preferentially accumulate in microdomains. GRAF1-mediated CLIC generation is promoted by rac1 at the leading edge of cells. Indeed, it may be that it is the permissive state of lipids that allows for the spatiotemporal coupling of adhesion site turnover and membrane trafficking. GRAF1 might be recruited to such domains preferentially, owing to both their distinct membrane composition and local, small G-protein activity. The extent of GRAF1-mediated endocytosis linked to adhesion sites versus endocytosis at nonadhesive microdomains appears high, and it appears that this ratio is coordinated with the migratory behavior of the cell. Taken together, our data support a role for GRAF1 at adhesive microdomains, where its membrane remodeling activity promotes the manufacture of CLICs. This activity is promoted at the leading edge of cells, where it is required for membrane spreading and cell migration.

MATERIALS AND METHODS
=====================

Reagents, antibodies, and cDNA contructs
----------------------------------------

Polyclonal antisera against GRAF1 (RA-83 and RaZ1) were generated as previously described ([@B23]). Purchased antibodies were: mouse anti-myc clone 9E10 and rabbit anti-myc (Cell Signaling Technology, Danvers, MA), mouse anti-dynamin (Hudy), mouse anti-GIT1 (BD Biosciences), and mouse anti-paxillin, mouse anti-vinculin, rabbit anti-FAK, rabbit anti-pFAK, and rabbit anti-cortactin (Abcam, Cambridge, MA). All secondary antibodies were conjugated to Alexa Fluor 488, 546, or 647 (Invitrogen, Carlsbad, CA). cDNA constructs encoding human GRAF1 and derivatives were as described previously ([@B23]), except for the amino acid substitution R412D, which was created using PCR-directed mutagenesis (Stratagene, Agilent, Santa Clara, CA). Red fluorescent protein (RFP)-tagged GRAF1 and untagged GRAF1 was cloned using the Gateway system (Invitrogen). Green fluorescent protein (GFP)-tagged cdc42 Q61L (12600; [@B27]), rac1 Q61L (12981), rhoA Q63L (12968; [@B35]), and untagged src Y527F (13660) were purchased from Addgene (Cambridge, MA). GFP-GIT1 and RFP-paxillin were kind gifts from A. F. Horwitz and E. E. Marcantonio, respectively. Y-27632 and blebbistatin was purchased from Sigma-Aldrich (St. Louis, MO) and used at 10 and 20 μM, respectively.

Immunoprecipitation and pulldown
--------------------------------

For immunoprecipitation experiments, rat brain cytosol was generated by homogenization of rat brains in buffer (25 mM HEPES, 150 mM NaCl, 1 mM dithiothreitol \[DTT\], 0.1% Triton X-100, and protease inhibitors), before centrifugation at 50,000 rpm for 30 min at 4°C. The supernatant was removed and added to protein A Sepharose 4B beads (GE Healthcare), to which antibodies had been previously bound, and incubated at 4°C for 3 h. Beads were washed three times in buffer (25 mM HEPES, 150 mM NaCl) supplemented with 1% NP-40, and once in buffer without NP-40, before analysis by SDS--PAGE combined with immunoblotting or Coomassie Blue staining. Immunoprecipitation of GRAF1 to determine siRNA efficiency was performed as described above, except that HeLa cells were lysed in buffer (25 mM HEPES, 150 mM NaCl, 1% NP-40, and protease inhibitors), before centrifugation at 14,000 rpm for 30 min at 4°C. Recombinant proteins were expressed in a BL21 (DE3) pLysS *Escherichia coli* strain as glutathione *S*-transferase (GST)-fusion proteins and purified using glutathione-Sepharose 4B beads (Amersham Biosciences) and gel filtration on a sephacryl S-200 column (GE Healthcare). Pulldown experiments against rat brain cytosol using purified proteins and identification by mass spectrometry were performed as previously described ([@B23]).

Cell culture and transfections
------------------------------

HeLa cells and Balb3T3 cells were grown in DMEM media (Gibco, Invitrogen) supplemented with [l]{.smallcaps}-glutamine, 10% fetal bovine serum, and nonessential amino acids (for MEM), and transfected using Lipofectamine 2000 (Invitrogen) or Neon transfection system for electroporation (Invitrogen) for transient protein expression. Mouse embryonic fibroblasts (MEFs) were generated and grown as previously described ([@B19]). For GRAF1 depletion, HeLa cells were transfected with stealth siRNA specific against human GRAF1 (Invitrogen), using Lipofectamine 2000 or Neon transfection system for electroporation according to the manufacturer\'s instructions. Cells were cultured for 72 h for efficient silencing of the GRAF1 expression. Stealth negative control medium GC Block-it siRNA (Invitrogen) was used as a control. GRAF1 siRNAa: GUA AUCUGUGCUGAAUGGGAGAUAA; GRAF1 siRNAb: CCACUCAUGAUGUACCAGUUUCAAA.

Fixed-sample and real-time imaging
----------------------------------

For immunofluorescence analysis, HeLa cells were fixed in 3% paraformaldehyde in phosphate-buffered saline (PBS) for 15 min at 37°C, then washed and blocked in 5% goat serum with 0.05% saponin in PBS before staining with the appropriate antibodies in 1% goat serum with 0.05% saponin in PBS using standard protocols. Confocal images were taken sequentially using either a TCS SP5 system confocal laser-scanning microscope (Leica Microsystems) or a fully motorized A1 R Laser Scanning Confocal Microscope system (Nikon Instruments, USA) using a 60× lens (Plan Apochromat VC Oil DIC N2, Nikon) at appropriate excitation and emission wavelengths under control of the NIS-Elements Microscope Imaging Software. Epifluorescence and phase-contrast images were taken using a Zeiss Axioimager Z1 system with AxioVision software. Images were processed using Adobe Photoshop CS2 (San Jose, CA). For immunofluorescence trafficking assays in HeLa cells, Alexa Fluor 546/555-conjugated CTxB (Invitrogen) was diluted in prewarmed media, added to cells, and incubated for the time periods and temperatures described in the figure legends. After being washed, cells were fixed and subjected to immunofluorescence analysis as described above. For polarized uptake experiments, confluent monolayers of MEFs, grown on 12-mm, round, glass coverslips (Lomb Scientific, Australia) were wounded by scratching with a 200 μl pipette tip. Cells were allowed to migrate into the wound for 4 h before addition of 10 μg/ml CTxB-555 (Invitrogen) and 20 μg/ml Tfn-647 (Invitrogen) for 2 min at 37°C. Cells were fixed in 4% paraformaldehyde and labeled with anti-paxillin antibodies (BD Transduction Laboratories). An axiovert 200 m SP LSM 510 META confocal laser-scanning microscope (Zeiss) was used to capture images, which were processed using Volocity, version 3.7.

Quantification and image analysis
---------------------------------

For quantification of the proportion of cells with protrusions, PLA-localized GRAF1, GRAF1 localization to src-induced podosomes, and the length of GRAF1-positive structures, HeLa cells were transfected with constructs for overexpression as indicated in the figure legends and processed for immunofluorescence analysis as described in the preceding section. Protrusive structures (\>20 μm long and \<10-μm wide protrusions) were measured using Axiovision software (Zeiss), and the proportion of cells with such protrusions was calculated for each condition (n \> 200 for each condition). The percentage of cells with PLA-localized GRAF1 was counted in three independent experiments for each condition using the Axiovision software (n \> 250 for each condition). The percentage of cells with src-induced podosomes in which GRAF1 was also localized was calculated from six independent experiments (30 cells per experiment) using the NIS Elements software (Nikon). Length of GRAF1 structures was measured using the ImageJ segmented lines tool. To calculate the length:width ratio of cells, phase-contrast images were captured and the length (longest straight line within a cell) and width (the broadest region perpendicular to the measured length) was measured using ImageJ. For cell area determination, cell borders from 50--60 cells from at least five independent experiments were manually defined in captured phase-contrast images, and the area was calculated using the "Outline" function of the AxioVision software. Creation of bar graphs and statistical analysis was performed using Graphpad Prism (La Jolla, CA). For colocalization experiments in migrating cells, 12--15 cells in three independent experiments were processed using Volocity, version 3.7, and colocalization was determined using the colocalization function with automatic threshold. Automatic thresholds were applied to individual cells, and percentage of overlapping pixels was calculated for CTxB and Tfn channels against paxillin. For quantification of the colocalization between CTxB and PLAs, 3--10 separate images of each condition were thresholded for the brightest areas; overlapping areas were then transferred into a new channel. GRAF1- and vinculin-positive PLA areas were manually defined, and the amount of CTxB colocalization in these areas was calculated using Adobe Photoshop. For determining the amount of GRAF1 following siRNA treatment, intensity of GRAF1 and tubulin bands identified by immunoblotting from three independent experiments was quantified using ImageJ. GRAF1 intensity was related to tubulin intensity for each sample, and the amount of GRAF1 in control cells was set to 100%.

Biophysical cell recordings
---------------------------

HeLa cells (10^5^) were transfected with siRNA against GRAF1 or control siRNA for 24 h before being plated into chambers of 8W1E electrode arrays (Applied Biophysics, Troy, NY) and incubated at 37°C with 5% CO~2~. Impedance values between the electrode and counterelectrode were recorded continuously from each array at a 15-kHz oscillator frequency using an ECIS 1600 system with elevated field module (Electric Cell-substrate Impedance Sensing, Applied Biophysics). Cell attachment, spreading, and layer confluence were verified electrically and microscopically before electrical wounding at 45 kHz, 4 V for 10 s with subsequent recording from electrodes using the same parameters as prewounding. Data were normalized to initial electrode impedance value for each wounding experiment.
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BAR

:   Bin/amphiphysin/Rvs

CLIC

:   clathrin-independent carrier

CTxB

:   cholera toxin B subunit

DA

:   dominant-active

DTT

:   dithiothreitol

FAK

:   focal adhesion kinase

GFP

:   green fluorescent protein

GIT1

:   G protein--coupled receptor kinase--interacting ArfGAP 1

GPI-AP

:   glycophosphatidylinositol-anchored protein

GRAF1

:   GTPase regulator associated with focal adhesion kinase-1

GST

:   glutathione *S*-transferase

MEF

:   mouse embryonic fibroblast

PBS

:   phosphate-buffered saline

pFAK

:   phosphorylated FAK

PH

:   pleckstrin homology; PIP2, phosphatidyl inositol 4,5 bisphosphate

PLA

:   podosome-like adhesion

RFP

:   red fluorescent protein

rhoGAP

:   rho GTPase-activating protein

ROCK

:   rho kinase

siRNA

:   small interfering RNA

Tfn

:   transferrin
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